ABSTRACT We report a 100,000-fold increase in the conductance of individual CdSe nanorods when they are electrically contacted via direct solution phase growth of Au tips on the nanorod ends.
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MAIN TEXT
Single nanostructure electrical measurements directly probe the fundamental limits of semiconductor device miniaturization, providing some of the most precise characterization available of electronic structure resulting from quantum confinement and dimensional control. 1 When the strategy is employed for colloidal semiconductor nanocrystals we also learn the ultimate transport efficiencies of these materials, crucial for determining their utility in photovoltaic applications, as one important example, without the convolution of particle-particle carrier hopping mechanisms or particle size dispersity that are difficult to account for in studies of nanocrystal thin film solids. 2 Besides fabrication challenges, single particle experiments are complicated by the specific electronic structure of the semiconductor-metal interface between the nanoparticle and the device electrode, which critically determines the barrier physics to charge injection and thereby overall device performance. The nanocrystal surfactant coverage, heightened surface energy, and decreased density of states may contribute to the complex interface of a contacted device. 3, 4 Indeed, the variety of II-VI semiconductor colloid single particle electrical behavior reported in the literature suggests the contact method may be as important as the sample itself for determining the device properties at such small scales. For example, previous work from this group tracked severe compositional modification of single nanocrystals into separate regions with coupled electrical response when contacted by traditional lithographic techniques. 5 This contrasts trapping 6 or STM experiments 7 that display tunneling behaviors that depend significantly on the strength of the coupling to the electrode and therefore also the nanocrystal interface electronic structure.
The goal of this study is to offer a systematic comparison of CdSe nanorods with and without Au tips 3 to test the influence of the contacts. Using a synthetic method reported previously, CdSe nanorods are tipped with Au in solution, giving an intimate, abrupt nanocrystal-metal contact free of surfactant. We compare electrical response to a control sample of standard CdSe rods, with nanocrystals of both type individually adsorbed to pre-defined Au junctions. We report a large increase in the conductance of the Au-tipped CdSe heterostructures and explain this in terms of the differing electronic structure of the AuCdSe interface for both samples.
CdSe nanorods were synthesized and purified using a previously published method 11 , and dissolved in toluene. (red TEM, fig. 1 ). A fraction of the sample was tipped with Au according to a method described previously by Mokari. 11 (green TEM, fig. 1 ). Briefly, a toluene solution containing gold trichloride (AuCl 3 , 12 mg, 0.04 mmol), didodecyldimethylammonium bromide (DDAB, 40 mg, 0.08 mmol), and dodecylamine (DDA, 70 mg, 0.37 mmol) was sonicated for 5 minutes and then added dropwise to a suspension of nanorods stirring under N2. The product was precipitated with methanol and separated by centrifugation.
Source and drain electrodes with junctions spanning 20-40nm were fabricated on silicon wafer test chips using e-beam lithography, followed by deposition of 55 nm Au on 10 nm Ti. A film of 10 nm of silicon nitride or aluminum oxide was deposited via atomic layer deposition [ALD] before the electrodes to prevent shorting through the silicon substrate.
The nanorod samples were adsorbed to these pre-defined Au junctions by submerging the chip in the appropriate µM nanorod-toluene solution, and drying with N 2 . Once fabricated, the current through individual nanorod devices was characterized in a two-terminal geometry as a function of source-drain voltage and temperature. All data reported here were measured in a 10 -6 torr atmosphere with a Janis
Research ST-500-2 micromanipulated probe station, chilled with liquid He or N 2 cryogen. resistance per a CdTe nanorod. 5 In this study, because both measured device types consisted of a single
CdSe nanocrystal contacted by Au, we propose that the factor that accounts for the stark difference in conductance is the alkylphosphonic acid surfactant layer bound to the pure nanocrystal surface. 9 This surfactant is not present at the Au-CdSe metal-semiconductor interface of the heterostructure nanocrystals. It is thus critical to understand how surface ligands influence interface electronic structure, and consequently overall device performance, which this report explores in detail. The sample purity is further confirmed by examination of the temperature dependence of the nanocrystal conductance.
Both samples in this study exhibit conductivity that is not monotonic with temperature, displaying a minimum conductance near 200K and a steady increase in conductance to the lowest and highest temperatures probed, from 4.2K to 400K. Across this temperature range the Au-tipped samples maintain conductance larger than the control CdSe samples, while both devices exhibit a similar trend in temperature dependence ( fig. 3 and 4) . However, the magnitude of the conductance enhancement has a strong temperature and voltage dependence, discussed fully below. In general, semiconductor conductivity is the product of carrier concentration and carrier mobility, with each parameter dependent on the thermal activation of free carriers or phonons respectively. 13 It is necessary to consider both contributions across different temperature regimes to accurately describe the device behavior we observe. In this study, the low temperature device response (< 200K) suggests tunneling electrons traverse the nanocrystal via a pathway with resistance proportional to the temperature dependent phonon occupation. The high temperature behavior (> 250K) indicates a transport mechanism dominated by thermally activated carriers. In both temperature regimes we see evidence of a lowered conduction 8 barrier at the Au-CdSe interface of the heterostructures, which we correlate with the observed conductivity enhancement. The following expression derived in the supplemental gives the voltage-dependent tunneling current, I, 9 through such a barrier:
with
where Φ Bo is the barrier height, ε s , N D , and m are the semiconductor permittivity, doping concentration, and effective mass of CdSe, and C is a wave function coupling constant of the electrode to the nanorod. More sophisticated models that better account for the unique structure of the nanocrystal-electrode interface and contributions to current at large voltages will likely yield a more accurate fit. However, the barrier heights and doping concentration determined by this method are in good agreement with a high temperature thermal activation analysis. The high temperature analysis does not have the same limitations described here, and will be discussed more fully below.
We also plot the low temperature dependence of the low bias conductance for the same CdSe device ( fig. 3c ) and Au-CdSe heterostructure device ( fig. 3d ). The strong increase in conductance with lower temperature is clearly visible for both samples. This low temperature dependence is directly reflected in the temperature dependence of the coupling constant C in Eq. (1). This means that the wave function coupling between the electrode and both nanorod samples is reduced by inelastic scattering caused by phonon fluctuations. We propose that this reduction is directly proportional to the temperaturedependent occupation of phonons, as defined by the Einstein model 16 for heat capacity, C V . The likelihood of inelastic phonon scattering depends on the number of available phonons. We model the low temperature, low bias resistance of the device, Ω, also accounting for other in-series contributions,
where α is the proportionality constant, N is the number of oscillators in the solid, θ E is the Einstein temperature, a material-dependent fitting parameter related to the characteristic phonon frequency, and G is the low bias device conductance.
The least squares fit of equation (3) to the low temperature, low bias conductance of the Au-CdSe heterostructure device displayed in figure 3d shows that this proposed mechanism very accurately describes the trend. The fit also determines that θ E = 140K ± 3K. We note that corrections to the Einstein heat capacity model are generally only significant below .1*θ E or ~14K in this study, with the Debye T 3 Law only applicable up to a few degrees K, for example. 16 Figure 3c shows the low temperature, low bias conductance of the CdSe heterostructure device. The best fit to this data includes a linear temperature dependent term, b, to give:
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The high accuracy of the fit with this phenomenological correction suggests that a complete description requires consideration of other temperature dependent mechanisms for the CdSe device resistance (b = .01 TΩ/K). Our analysis cannot distinguish if scattering from the surfactant shell or the semiconducting region contributes to the observed behavior. Future work will examine the role of surface treatments on the magnitude and specific temperature dependence of the trend.
At temperatures above 250K, we see strong evidence of a transport mechanism dominated by thermally activated charge carriers. Numerous scientific studies have determined that Au contacts to bulk CdSe form Schottky barriers. 18 In the absence of interface states, the ideal barrier height determined by these experiments is 800 meV, the difference of the work function of Au (Φ m,Au = 5.38 eV) and the electron affinity of CdSe (χ CdSe = 4.58 eV). 13, 18 Considering the typical behavior at bulk AuCdSe interfaces, and the contact barriers observed during the low temperature analysis above, our devices likely consist of a rectifying junction at each Au contact. For a particular bias polarity, the higher potential side limits the total current across the device. Indeed, a high temperature conduction mechanism of thermionic emission over a reverse-biased Schottky diode well describes our observed data. This mechanism results from same interface barrier diagramed in figure 2c, with electrons thermally activated over the barrier rather than tunneling through it, but with the inclusion of an image potential at the electrode that raises or lowers the barrier under forward or reverse bias, respectively.
The super-linear current-voltage response ( fig. 2b ) results from barrier height lowering with increased bias because of the image force according to
where
and
where A is the contact area, A** is the effective Richardson constant, Φ BE is the effective barrier height, Φ Bo is the ideal barrier height in the absence of an image force, E is the maximum electric field at the junction, ε s and N D are the semiconductor permittivity and doping concentration of CdSe, and Φ bi is the built-in potential. 13 Importantly, these relations show that ln(I) is linear with V , Fowler-Nordheim tunneling 15 , or single electron tunneling 6 did not describe the data as accurately as the standard thermionic emission model we propose. However, the devices necessarily deviated from the linear response displayed in Figure 4a at decreased temperatures, where the low temperature analysis discussed above is appropriate. It is likely in the high temperature range that the thermally activated carriers, especially at low bias, mask any background tunneling current. 20 The slope of the activation energy plot of ln(I/T 2 ) versus 1/T for a CdSe device at varying bias ( fig. 4b ) was used to determine the voltage dependence of the effective barrier height, Φ BE . These data are summarized for both device types in figure 4C . Here we see clear evidence of the bias-dependent barrier height lowering predicted by the thermionic emission model. Solving equations (7) and (8) for Φ BE gives
The thermal energy, k B T, is small compared to V and Φ bi allowing the simplification 21 
where N C is the effective conduction band density of states, to give
The least squares fit to equation (10) Recall that Φ Bo is the ideal barrier height, with a predicted value of 800 meV for a bulk Au contact to CdSe free of surface or interface states. The control CdSe devices display a barrier very close to this value, giving good correspondence with the reported behavior at ideal bulk contacts despite that surfactant shell that likely remains on the nanocrystal. However the Au-CdSe heterostructure devices deviate from this value significantly, suggesting that interface structure drastically modifies the electronic environment at the contact. Specifically, our analysis shows a 75% decrease in the Schottky barrier of the Au-CdSe heterostructure device compared to the CdSe control device. Schottky barrier lowering resulting from induced mid gap states is well characterized at bulk Au-CdSe interfaces 22 , giving barrier heights highly dependent on contact structure. Similarly, we attribute the barrier decrease to electronic hybridization or induced mid-gap states at the electrode interface, which accommodate the charge redistribution due to Fermi level equilibration, for lower overall interface polarization. The decreased barrier at the Au-CdSe interface of the heterostructure nanocrystals gives rise to the large conductance enhancement observed for those devices. 
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The fit to the data displayed in figure 4b and 4c must be interpreted with care. Our analysis follows from the solution to the Poisson equation conventionally employed to describe bulk semiconductormetal interfaces. 13 Although much recent experimental work 21, 23, 24 applied this model directly to nanoscale electrical devices, as we have here, theoretical treatments 3, 4 suggest corrections to this picture may be required. In particular, there is little theoretical discussion of the impact of large surface-volume ratios and ligand shells on interfacial charge redistribution, especially for colloidal nanostructures as small as in this study. Indeed, if we assume bulk values for the CdSe semiconductor permittivity, the fit to equation (10) Derivation of Equation (1) The procedure follows from the general strategy outlined by Sze, with the barrier structure diagramed below. Electrons tunnel from left to right under bias. 
The overall current due to tunneling will be equal to:
where Γ is the tunneling phase factor: 
with the definition for the electron wave vector:
The integral in equation (S5) can be solved by substitution, note that: 
